a a-Cyanostilbene substituted with dimethylaniline and hydroxyl groups exhibits profound intensity enhanced bathochromic shifts in an aqueous medium as compared to organic solvents. These conspicuous emission changes are attributed to aggregation as a consequence of restricted intramolecular rotation. This observation is commonly termed as aggregation induced enhanced emission (AIEE). Single crystal X-ray crystallographic data suggest a zigzag molecular packing arrangement with intermolecular hydrogen bonding between -CN and -OH moieties. This unique observation is exploited as a diagnostic tool to probe amphiphilic compounds in aqueous media. Fluorescence investigations reveal that at lower surfactant concentrations emission due to aggregation is preserved, while at higher surfactant concentrations the aggregated emission is lost with concomitant changes to the micelle structure. Dynamic light scattering (DLS) and Scanning Electron Microscopy (SEM) experiments were used to examine the effect of surfactants on the particle size and morphology, respectively. This sensitive AIEE fluorescence response can also be visually observed by using a hand-held UV lamp.
Introduction
Suitably substituted fluorophores with fascinating aggregation induced enhanced emission (AIEE) 1 characteristics have attracted tremendous attention as promising materials for optoelectronic applications. [2] [3] [4] In the past decade, realizing their importance, a number of such fluorogens (metalloles, 5 tetraphenylethenes, 6, 7 triphenylethenes, 8 distyrylanthracenes, 9 distyrylbenzenes, 10, 11 a-cyanostilbenes [12] [13] [14] and other similar AIEE active materials 15, 16 ) have been established for a variety of applications. In contrast to weak or no fluorescence in the solution state, the AIEE fluorogens have greater emissive properties in the aggregated state. The enhanced emission in these systems is due to the restriction of intramolecular and intermolecular interactions, conformational planarization, 17 cis-trans isomerization, 10 crystal packing, or a combination of these factors. 1 In effect, this restriction of rotation enables radiative decay leading to a strong emission behavior [18] [19] [20] of the fluorophore. This phenomenon found a variety of applications such as organic light emitting diodes (OLEDs), chemical sensors for volatile organic compounds, 1,21 detectors of cyanides, 22 detectors of explosives, biological applications, 2, [23] [24] [25] etc. Many of these applications draw strength from the intense fluorescence signal detected in the fluorophores in their aggregated state. This intense fluorescence signal due to AIEE can overcome the non-radiative decay processes that typically limit the utilization of many fluorophores for sensing applications. In this report, we demonstrate the use of this conspicuous signal of stilbene (1) in aqueous media as a 'beacon' for amphiphilic compounds such as surfactants. Stilbene (1) contains a donor group (dimethylamino group), an acceptor (cyano group) and a hydroxyl group. The acceptor is located on the unsaturated double bond while the dimethylamine and hydroxyl groups are located para to each other at opposite ends of the aromatic framework separated by a vinylic bond [Scheme 1]. The hydroxyl group may be used as a synthetic handle to expand the fluorescent framework and the presence of donor and acceptor groups helps in conservation of charge transfer. These results reveal remarkable utility of stilbene (1) as a fluorescence probe for surfactants in determining their critical micelle concentration and for visual detection.
of 1 or 2 nm at an excitation wavelength of 390 nm. Particle sizes were analyzed using a Nicomp 380 ZLS Zeta potential/particle sizer. Scanning electron microscopy (SEM) analysis was carried out using field emission SEM (JSM 7600F JEOL 
Synthesis of stilbene
The a-cyanostilbene as shown in Scheme 1 was synthesized via a simple condensation reaction and reported elsewhere. 26 
X-ray crystallographic details
Crystallographic data for the compound (Z)-3-(4-(dimethylamino)-phenyl)-2-(4-hydroxyphenyl)acrylonitrile were collected on a SuperNova (Dual, Cu source at zero) diffractometer with an EOS detector. The crystal data were collected at room temperature (293 K). The reflection data were integrated and reduced using Olex2, 27 Superflip. 28 The crystal structure was refined and solved using the WinGX suite (Version 2014.1) 27 & Ortep-3. 29 The crystal structures were solved by direct methods using SHELXS97 30 and refined by the full matrix least-squares method using SHELXL97 present in the program suite WinGX. The ORTEP diagrams of the compound were generated using ORTEP-3 and the packing diagrams were generated using Mercury. 31 Geometrical calculations were carried out using PARST 32 and PLATON. 33 All the hydrogen atoms associated with the carbon, oxygen and nitrogen atoms were fixed in geometrically constrained positions and refined isotropically. Fluorescence microscopy images were recorded by using a Zeiss AXIO observer A1 inverted microscope. A drop of the dye surfactant solution was kept on a clean glass slide and a cover slip was kept on top of the drop. Images were recorded using a FITC filter. Fluorescence intensities of the spots were measured by using the imageJ software by averaging about 50-70 spots.
Results and discussion
Fluorescence response of (1) and aggregation
Dimethylamino a-cyanostilbene (1) was prepared via the previously reported procedure. Stilbene (1) exhibits a weak emission behavior in homogeneous organic solvents but shows a significant bathochromic shift with a concomitant intensity enhancement in water (Fig. S1 , ESI †). This observation is attributed to the AIEE phenomenon. 4, 26 To clearly reveal the formation of the aggregates, scanning electron microscopy (SEM) of the sample of (1) in distilled water was carried out and the image reveals the formation of random aggregate like structures [ Fig. 1 ] To get molecular level information, single crystals were obtained by slow evaporation from an acetone/dioxane (6 : 4) solvent mixture at room temperature. Table S1 (ESI †) summarizes the crystal data of stilbene (1) and Fig. 2a depicts the ORTEP diagram with the numbering schemes and the packing interactions. As shown in Table S1 (ESI †), stilbene (1) crystallizes in the orthorhombic crystal system [CCDC 1031951] with a distinctive zigzag molecular packing arrangement (Fig. 2b) . In addition, there are two molecules in the asymmetric unit cell and eight molecules in a symmetric unit cell. The tilt or the torsion angle associated with the central atoms, C7-C8-C9-C10, is 156.081 and that of C19-C8-C9-C14 is 157.171, which assist in the O-HÁ Á ÁN hydrogen bonding interactions. These O-HÁ Á ÁN hydrogen bonds are separated by a distance of 2.04 Å and they allow the interaction of two neighboring molecules. The donor and acceptor units are separated by a dihedral angle of 163.4 and they support strong intermolecular hydrogen bonding interactions. This H-bonding interaction stabilizes the zigzag or criss-cross packing arrangements. Other packing details and structural parameters are given in the ESI † [ Fig. S2 and Table S1 ].
Fluorescence response of (1) in surfactants Surfactant molecules and micelle solutions play an important role in many areas involving chemistry, biology and pharmaceutical applications. 35 Several methods were utilized to determine the CMC of the surfactants 36,37 but most established spectrophotometric methods are based on intensity changes of the fluorophores. Achieving a clear shift in emission with changes in the micellar structure yields an excellent spectroscopic signal to determine the CMC of the surfactants. 38 As a demonstration of this, we have chosen cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS) and polyoxyethylene octyl phenyl ether (Triton X-100) 
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as cationic, anionic and neutral surfactants. The absorption spectrum of (1) in surfactant solutions is given in Fig. S3 (ESI †). Fluorophore (1) absorbs at B396 nm in water and no significant changes were observed upon interaction with the surfactant. However, we noticed distinct changes in the emission response. Fluorophore (1) emits at B550 nm in distilled water. At lower concentrations (below CMC) of the surfactant, (1) emits at B550 nm, similar to that observed in distilled water. This correlation of emission behavior in water and micellar environments indicates that the emission is likely due to the aggregated species. SEM images, shown below, confirm the similarity in the observed aggregation pattern. As the concentration of the surfactant is increased, a small hypsochromic shift in emission with a decrease in the intensity is observed. But as soon as the surfactant concentration approaches the CMC, the emission is strongly blue-shifted and a dominant emission at B460-475 nm [ Fig. 3a-c] was observed. This blue-shifted emission maximum is comparable to that observed in non-polar dioxane. Based on these comparable emission data, we can attribute the localization of the molecule to the non-polar regions of the micelle that contains hydrophobic chains. A further increase in concentration maintains the emission intensity or wavelength. Thus, at higher surfactant concentrations, where the fluorophore is localized in the hydrophobic micellar regions, the AIEE properties are lost, and at lower surfactant concentrations, the AIEE properties are seen with emission similar to that observed in water. As the molecule moves away from water towards the interior of the micelle, the aggregation pattern of the stilbene is also disturbed [ Fig. 4b ], leading to dispersal of particles of different sizes in comparison to that observed at lower surfactant concentrations [Fig. 4a ]. The SEM images of (1) in CTAB, SDS and Triton-X 100 at above and below the CMC are shown in Fig. 4 , and the image patterns demarcate the morphology of the aggregates formed. The CMCs of the surfactants calculated via a plot of intensity change (either at B560 nm or at B460-475 nm) versus concentration of the surfactant [ Fig. 5 and Table 1 ] show good correlation with that reported in the literature. 39 Visually detecting this emission response via possible color changes will have a better impact compared to the utilization of an instrumental response. As shown in Fig. 6 (and Fig. S3 , ESI †), the addition of micromolar quantities of (1) reveals distinguishing colors (two colors) at above and below the critical micelle concentration of the surfactants. These color changes are distinguishable only when micelle formation occurs (Fig. S4, ESI †) . For instance, in CTAB, stilbene (1) shows a fluorescent green color and correspondingly emits at B550 nm at a lower surfactant concentration. As the concentration is increased, this greenish solution changes to a pale greenish-blue shade with a clear shift in the emission wavelength (B460 nm). The colors are fairly uniform at other concentrations of the surfactant. A similar behavior is noted for SDS and Triton X-100 with different color shades. This dual-color observance offers an easier identification in predicting the formation of the micelle. Fluorescence microscope image analysis of the probe in different surfactant concentrations reveals [ Fig. S5 , ESI †] changes in the fluorescence intensity of the probe (measured using the imageJ software). These observations correlate with our previous emission spectral data.
Effects of surfactants on the aggregation of a-cyanostilbene
Apart from the changes in the emission wavelength, we examined the effects of change in surfactant concentration on the aggregation behavior of a-cyanostilbene. The particle size analysis of the fluorophore in water and surfactants was carried out using DLS to understand the changes in the sizes of aggregates and is shown in Fig. 7 and Fig. S6 (ESI †) . The size distribution of the dye aggregates is polydisperse in the case of CTAB and Triton-X 100, while relatively sharp aggregates are noted for SDS. The overall size obtained from DLS measurements is due to aggregates in their hydrodynamic sphere and the interaction of surfactants seems to have a differential effect on the size of the hydrodynamic sphere of aggregates. In order to understand whether the size of aggregates obtained in DLS corresponds solely to the probe or the surfactants, we carried out control experiments with surfactants alone. We attempted to record the aggregation sizes of the surfactants at above and below the CMC. We were successful in recording the particle size of the surfactants as they are mostly homogeneous solutions. Therefore, it is presumed that the sizes of aggregates obtained for the dye in surfactant solutions are solely because of the dye aggregates. Also to learn more about the interaction of stilbene with the surfactant assemblies, we have recorded fluorescence decay profiles. In water, a mono-exponential decay with a lifetime of 1.40 ns was observed. However, it exhibits bi-exponential decay in surfactant media below their CMC. This bi-exponential decay indicates a preferential location due to the interaction of stilbene (1) with the surfactant molecules. However, the data could not be fitted for either mono-exponential or poly-exponential for the decay profile for (1) at higher surfactant concentrations. The decay profiles and lifetime data are given in the ESI † (Fig. S7 and Table S2 ).
Conclusions
In summary, a-cyanostilbene (1) with unique aggregation induced enhanced emission properties was utilized as a fluorescence probe for determining critical micelle concentrations of anionic, cationic and neutral surfactants. Clear emission wavelength shifts with the concentration of the surfactant reveal aggregation induced enhanced emission shifts. The high sensitivity of this fluorophore can also be gauged by visible dual-color demarcation. Scanning electron microscopy images substantiate the formation of aggregates and morphological differences are noted at higher and lower surfactant concentrations.
